Temperature control in the continuous casting mould can have considerable implications for the eradication of surface defects that arise in the process. This paper presents auto regression with external inputs as a modelling tool to describe the effect of casting speed, mould level and water inlet temperatures on the temperature distribution in the mould. The accuracy of the modelling strategy is determined. The model can be used to design a closed-loop controller to maintain the mould temperature at a predefined value. The defects caused by temperature are therefore controlled implicitly through mould temperature, and the delay caused by measurement of defects is thus eliminated. Three controllers are designed and compared through simulation. It is found that an optimal regulator type controller delivers the best performance among the three controllers. Control of only one loop and a switching type controller show marginal improvements over the uncontrolled case.
Introduction
During continuous casting, defects occur at the surface of the cast slabs. The use of mould parameters to detect the occurrence of these defects is an important tool to ensure that higher throughput of final product can be obtained. This is because steel slabs that have defects have to be treated before they can be sent for rolling. Often, no prior knowledge exists to determine whether a defect has occurred or not, and hence whether a slab must be treated or not. So to be safe all slabs are treated after casting.
The prediction of defects will allow a steel-making company to apply better scheduling to the process. 1) If, ultimately, parameters in the mould can be controlled in such a way that no defects occur, the future may be defect-free slabs, so that all slabs can be sent for rolling directly. 2) Data were gathered from a South African steel manufacturer and these data were used to derive models that explain the relationship between mould variables and defects. It was found that the model can be broken down into two submodels.
3) The focus of this research is the application of modelling and control techniques to reduce the variation of temperature in the mould, as this is necessary for the reduction of defects caused by mould temperature variation.
The paper starts with a description of the mould/defect modelling structure. A short overview of the auto-regression with exogenous input (ARX) modelling technique that was used is given in Sec. 3 . The model that describes the effect of casting speed, mould level and mould water inlet temperature on thermocouple temperatures is given in Sec. 4 . Results of three controllers to regulate the mould temperature using casting speed as the manipulated variables are given in Secs. 5, 6 and 7. Finally, some conclusions regarding the research are made in Sec. 8.
Model Structure
The mould/defect model can be broken down into two sub-models.
3) The first is the manipulated variable (MV) to intermediate variable (IV) model and the second is the intermediate variable (IV) to output variable (OV) model. The (only) MV is the casting speed and the IV are thermocouple temperatures embedded in the copper faces of the mould. The OV are defects. The structure is depicted in Fig. 1 .
The measured disturbances in the MV to IV model are mould level and water inlet temperature and the unmea-sured disturbances are, amongst others, superheat, mould powder addition, flow-rate of steel into the mould etc.
The usefulness of this separation of models is that the delay that is caused before measurement of defects occurs, is eliminated. The IV to OV model can be inverted 1, 4) to find an optimal set-point for the temperatures such that no defects occur. (The model is used with optimisation to determine which temperature set-points will cause no defects to occur. 1, 4) This procedure is performed off-line). The MV to IV model can be used to design a controller to follow these temperature set-points. A block diagram of the structure for control is given in Fig. 2 .
The temperature measurements are fed back and casting speed is used as the input to control the desired temperature set-point.
This paper explores methods to model the MVIV process and to apply control to reduce these defects using the identified MVIV model.
Auto Regression with Exogenous Input
The modelling strategy that was used for the MVIV model is a time-series modelling method 5) known as the auto regression with exogenous input (ARX) system identification method. The modelling technique will not be described in detail since it is well documented in literature. 6) Firstly, let an ‫ޒ‬ mϫ1 input vector be defined as follows:
. The matrices A v and B v are chosen to be diagonal and are solved using regression and a least-squares inversion. n a and n b describe the structure of the model.
To solve the ARX models, the MATLAB system identification toolbox was used.
7)

MVIV Model
Input (mould) process variable data such as thermocouple temperatures were extracted from the level two system (AspenTech process database) of the plant and output (defect) data were gathered by plant personnel who inspected the cast slabs before and after grinding for defects. The inspectors noted 1) the location across the width, 2) the position along the length, 3) the type and 4) the severity on a scale from 1 to 5 of defects that occurred at the surface of the slab. The defect data were then digitised and used on a computer to derive the model.
Derivation of the MVIV Model
The MV to IV model consists of one manipulated variable, casting speed (u(t)) and two measured disturbances, mould level (d 1 (t)) and inlet temperature (d 2 (t)). The outputs consist of 38 thermocouple temperatures (y(t)ϭ [y 1 (t) y 2 (t) ··· y 38 (t)] ‫ׅ‬ ). For the system identification procedure, casting speed, mould level and inlet temperatures were used as inputs (i.e. mϭ3 in Sec. 3). The thermocouples are the outputs (i.e. rϭ38 in Sec. 3). Four models were derived based on the width of the slab that was being cast, i.e. one each for 1 060 mm, 1 280 to 1 290 mm, 1 320 to 1 335 mm and 1 575 mm wide slabs. The model appears to be invariant of the type of steel cast (austenitic, ferritic etc.).
MVIV Structure Selection
The structure (defined by n a and n b in Sec. 3) of the models were determined based on performance of the regression in terms of an average least squares fit as .................... (4) where e i ϭy i Ϫŷ i is the time period error between the true and predicted output for a specific output, i, over some time period, t 0 ՅtՅt 1 . N is the number of data points used, and
] is the model. The output matrices of Eq. (3) are all assumed to be diagonal, since none of the thermocouple temperatures (outputs) are assumed to influence each other significantly (conduction through copper wall), but rather each thermocouple temperature is significantly and individually influenced by a manipulated variable e.g. casting speed, measured disturbance e.g. inlet temperature or unmeasured disturbance e.g. mould powder flux. As an example, consider the results of a regression on the 1 060 mm wide slabs as a function of n a and n b ; depicted in Table 1 .
The table shows that an increase in regressors does not greatly improve the overall accuracy of the model. For instance, an increment in the number of poles from one to two (i.e. n a increases from one to two while n b ϭ1) only delivers a 0.7 % increase in the overall fit. An increase from n a ϭ1 and n b ϭ1 to n a ϭ3 and n b ϭ3 only delivers an 3.8 % decrease in the error. A first order model is thus adequate to represent the interactions between the inputs and outputs. Similar results were obtained for the other outputs* 1 . Note that no time delay was detected between the inputs and outputs (during the analysis of the residuals) implying that no time delay was necessary to be included in the model.
MVIV Time Domain Results
Simulation of the model with plant inputs and outputs used to train the MV to IV model delivered good results. Figure 3 shows the output of the model versus the true plant data for thermocouple "in1u" * 2 (output Dy 1 (t)) for 1 060 mm wide slabs.
The noise that is visible can be attributed to measurement noise on the thermocouples; un-moderated dynamics due to unmeasured disturbances (such as varying flux thickness layers at the mould-strand interface due to mould powder addition) and other unmeasured disturbances such as superheat, steel flow rate etc.
Validation of the MVIV Model
Two-thirds of the data* 3 was used for training of the MVIV model and one third was used for validation of the MVIV model. Figures 5 and 6 show the model outputs for thermocouples "in2u" and "nr1u" of the 1 280 mm wide model based on the validation data as an example. The model produced by the regression is accurate to within standard deviations of 10°C and 7°C for thermocouples "in2u" and "nr1u" respectively, when tested using validation data. The same can be said about the response of the other thermocouples as well as the response of the 1 060 mm and 1 575 mm wide slab validation data. The model is adequate for feedback control, because any slight errors in the model will be compensated for by the feedback controller. 8) 
MVIV Effects
Casting speed has the greatest steady-state effect on the outputs. This is because the casting speed can range from 0 to 1 000 mm/min. A change of 1 000 mm/min can have a * 1 For 1 280 mm wide slabs, the increase from n a ϭ1 and n b ϭ1 to n a ϭ3 and n b ϭ1 delivers a 1.2 % improvement and for 1 575 mm wide slabs the increase from n a ϭ1 and n b ϭ1 to n a ϭ3 and n b ϭ3 delivers a 1.1 % improvement. * 2 Thermocouples are numbered xxyz where xx is either "in" or "ou" for inner wide and outer wide mould face or "nl" for narrow left and "nr" for narrow right mould face. y is a number along the width of the mould face and z is either "u" for upper row and "l" for lower row. See Fig. 4 for a graphical description of the layout of the thermocouples. * 3 Approximately 500 slabs were used in the whole training exercise. maximum effect of a 96.5°C change on the "ou7l" output* 4 at steady state. Similarly, mould level ranges from about 0 to 60 mm and can have a maximum effect of 17.6°C on the output and inlet temperature ranges from approximately 25 to 40°C with a maximum effect of 37.5°C. The mould level and inlet temperature effects are treated as disturbances and can be neglected from a control scheme, as many other (unmeasured) disturbances are also present.
The MV to IV model can be used to design controllers to follow pre-defined set-points for the thermocouple temperatures. These set-points can be determined using the IVOV model in an inversion to determine the best temperatures such that no defects occur.
9)
Linear Quadratic Tracker at Steady-state
This section describes the use of a linear quadratic tracker at steady-state (LQTSS) 10, 11) as a controller for the MV to IV model.
Implementation Issues
The implementation of such a controller is depicted in Fig. 7 .
In this realization, the system (A, B, C) is the actual plant; and u(t), x(t) and y(t) are the true plant inputs, states and outputs respectively. Disturbances are left out at this stage of the design process.
The "D" indicates deviational values of the respective variables and are needed in the practical realization since the identified model (and therefore the designed controller) are based on the deviations of parameters from set values.
The deviational estimate of the state of the system (Dx(t)) is determined by multiplying the measured deviational output, Dy(t), with the inverse of the C matrix of the identified model since the system has been identified as first order with the states chosen to equal the outputs.
F(∞)ϭᏸ
Ϫ1 {F(0)} denotes the feed-forward gain of the controller and K ∞ denotes the feedback gain.
Design Overview
Although models were obtained for four widths, 1 320 and 1 280 mm wide slabs have very similar models and therefore only the 1 280 mm wide slabs will be tested. Since there are now three versions of the MVIV models,* 5 three separate controllers have to be designed.
Dimensions
The first step in the design procedure is to determine a model for controller design. This has been accomplished previously for all three slab widths. With the system (A, b, C) available, the next step requires the designer to increase the system from type 0 to type 1 by adding an integrator to the system. This results in a new augmented system (A l , b l , C l ). Note that the dimensions of the state, input and output matrices are A l ‫ޒ∈‬ 39ϫ39 , b l ‫ޒ∈‬ 39ϫ1 and C l ‫ޒ∈‬ 38ϫ39 respectively.
State Weighting Matrix
A suitable value for the state weighting matrix H∈‫ޒ‬ 38ϫ39 must be determined. Since the matrix is multiplied by the state, and since the desired tracking error will be defined as the difference between desired output and true output, the H matrix can be chosen to equal the output matrix C l . This ensures that the outputs of the system are incorporated into the performance index of the LQTSS design procedure.
Error and Control Weighting
Selection of the weighting matrices Q and R is not a trivial procedure. It is known that there is only one manipulated variable (casting speed) and therefore Rϭr∈‫ޒ‬ 1ϫ1 . It is also known that there are 38 outputs (the thermocouple outputs) and thus Q∈‫ޒ‬ 38ϫ38 . The design goal is to achieve temperatures that are close to the desired temperature setpoints so that defects will not occur. Therefore it has been decided that it is equally important for the LQTSS to have the same performance in terms of setpoint following and output disturbance rejection. This implies that the diagonal matrix Q will have all elements equal along the main diagonal. This can be expressed mathematically as follows. but also reduces the control action. From this, it is interesting to note that the ratio q/r is more useful in determining an optimal value for q, irrespective of the value for r. Setting about to design a suitable value for q, the designer is not only interested in the improved control of the outputs, but also the required control action. In this design, the control action is performed by the casting speed, u(t)ϭu 1 (t). The casting speed cannot be too high, with acceptable limits ranging between 600 to 1 500 mm/min. Furthermore, the acceleration of the slab can also not be too extreme, with a typical allowable value of du 1 (t)/dt| max ϭ1 000 mm/min 2 . There is thus a trade-off between increased tracking error performance and constraints imposed on the control action.
With the values for all the weighting matrices known, the designer can proceed to solve the Algebraic Ricatti Equation Once the gains are known, the controller can be simulated to test the improvement of the system. This was done using SIMULINK. 12) If the improvement is unsatisfactory, the ratio q/r can be increased and if the control action is too severe, i.e. the casting speed or acceleration is too high, the ratio can be decreased until an optimal point is achieved.
q/r Ratio
Several different values of the q/r ratio were tested in simulation. The SMSMSE* 6 value is a mean square error approach to evaluate the overall error between the desired set-points of the temperatures and the measured . N is the number of time samples used to calculate the MSE. r j [i] denotes the i-th sample of the j-th set-point and y j [i] denotes the i-th sample of the j-th output. For 1 060 mm wide slabs, a ratio of 115 is the optimal choice with the SMSMSE decreasing from 5.199 to 3.6632 (30 % improvement) while the maximum acceleration and casting speed constraints are not violated.
Time-domain Results
The following set of figures indicate the effect of the controllers on the system in the time domain. These figures were generated using simulation of the system model with and without controllers. Standard practical disturbances were included to investigate the effectiveness of the controllers. 1 060 mm wide slabs will be used to discuss the time-domain results and 1 280 mm wide and 1 575 mm wide slab results are summarised. Figures 8 and 9 show the errors of the 38 thermocouple temperatures with and without control for the 1 060 mm wide slabs.
A reduction of about 10°C has been achieved in the temperature tracking error with the LQTSS controller. The controller also has an averaging effect on the outputs, i.e. thermocouple temperatures have a mean value about the setpoint when control is used (compare Fig. 8 and Fig. 9 ). Figure 10 shows the control signal (casting speed), and Fig. 11 the acceleration of the slab for the LQTSS implementation.
The acceleration indicates that the maximum absolute acceleration is less than 1 000 mm/min 2 , while the maximum casting speed is less than 1 250°C.
Single-output Control (SOC)
Since there is only one manipulated variable and 38 output variables to be controlled, perfect control for all output variables is impossible. The SOC controller controls only one output variable by manipulating casting speed, thereby achieving an improved response for the other output variables as well. A block diagram representing the control scheme of this kind is depicted in Fig. 12 .
, jϭ1, 2, ..., N denotes the transfer function between casting speed and the j-th thermocouple temperature output (Nϭ38). Du(s)∈‫ޒ‬ 1ϫ1 is the deviational casting speed, Dy j (s)∈‫ޒ‬ 
Design Overview
The first problem that arises during the design of the SOC, is to decide which one of the outputs is going to be used to control the system. The best method is to design a controller for each output loop, and then test through simulation which one is going to deliver the best result in terms of a given performance index.
Since the system is of type 0, an integrator must be added in the control loop to increase the system to type 1. This will ensure that the controlled SISO system will have zero steady-state error. Since feedback is going to be used, a convenient way to design the controllers is to use Evans' root-locus. One zero is placed and one gain is designed to meet certain specifications. The specifications for the control are as follows: 1) zero steady-state error on the output, 2) damping ratio of zϭ2 Ϫ0.5 , 3) maximum bandwidth, 4) remain within limits of actuator constraints.
The design specification is meant to increase the speed of the loop to a maximum while still maintaining a damping ratio of 0.7071 without breaching the maximum casting speed constraints (move along 45 line on root-locus). The casting speed should remain within about 1 500 mm/min and the absolute acceleration of the slab (derivative of casting speed) should remain below 1 000 mm/min Table 2 . Conversion between loop number, i, and actual output.
The design process is iterative for each loop, but is simple to carry out, and results in a value for k i,1 and k i,2 for the i-th loop. Eventually, closed-loop plots of the individual loop's poles and zeros will have a stationary zero to the left of the closed loop poles* 7 , with the closed loop poles on the zϭ0.7071 line.
Following the previous design procedure, the controllers were designed for the 1 060 mm wide slabs. The results of the values for the proportional and integral gains are given in Tables 3 and 4 .
Simulation with each of the respective controllers in the loop delivers the following SMSMSE performance indexes ( Table 5) for each of the controllers.
The table shows that thermocouple output in6u gives the best performance when its controller is used in the loop (lowest SMSMSE). Note that this is not better than for the LQTSS 1 060 mm wide case. Here the MSE was 3.6632, a much better result. This is probably due to the fact that only one loop is used, and all 37 other loops are open. This means that even though near-perfect control can be achieved for one loop, the consequence of not directly controlling all the other loops delivers a worse result than the LQTSS.
Using the thermocouple output in6u loop for control, the MSEs were obtained for each output and are presented in Table 6 .
The table shows that the MSE for in6u is virtually zero, indicating near-perfect control for that specific loop. Figure 13 shows the errors between the reference output temperatures and the achieved output temperatures.
Time-domain Results
The result is very similar to that of the LQTSS case, but the peak responses are higher than in the LQTSS case. The Fig. 13 . Thermocouple temperature errors for 1 060 mm wide slabs when thermocouple in6u is used in a feedback configuration.
casting speed (control signal) and the acceleration of the slab is shown in Figs.14 and 15 . The acceleration constraint is breached only in two cases at time tϭ3 000 and tϭ11 000 seconds approximately. The control follows the inlet temperature inverse approximately, because the disturbance has the greatest effect on the output temperature compared to the mould level disturbance.
Worst-case Control (WCC)
This section describes the use of a worst-case control configuration. The basic idea is to utilize the SOC controllers, but to switch between control loops when a specific output is performing according to a certain switching criterion. All variables are the same as in the SOC control.
Design Overview
The switches between the controller output and manipulated variables are switched whenever the i-th output is performing the worst. During switching, the selected controller becomes active and the unselected remaining 37 controllers become inactive. This means that the casting speed is adjusted by the i-th controller whose output is the worst.* where t 1 is any specific time instance. This implies that the switch will be closed for the loop that has the worst current error between the desired and actual output, and open for all other loops.
The switching action will undoubtedly always cause an actuator bump to occur. The configuration will also cause integral windup, because all PI controllers are running simultaneously. These phenomena are due to the fact that only one controller is actively causing a change in its measured output. The PI controllers on the remaining 37 loops do not detect changes in the output due to their command input and therefore wind up. When a change from one controller to another has to occur, the output of the inactive controllers are different from that of the active controller, so that instantaneous changes in the controlled variable cause large rate-of-changes in the controlled variable which can cause actuator wear and/or damage. For these reasons, bump-less transfer 14) is also incorporated into this control configuration. Bump-less transfer forces the outputs of all the inactive controllers to be equal to the active controller, resulting in a smooth transition from one controller to another.
The modified version of the control configuration can be found in Fig. 16 . The active controller (that has control over the manipulated variable) will provide a set-point to all other active controllers. This means that whatever the output is of the active controller, all other controller outputs will have to follow that output. This is achieved by forming a feedback loop in parallel with the normal feedback loop of the controller c j (s). This new error signal g j (s) is an input for the normal systems.
Simultaneously, the WCC output feedback and set-points are disturbances for the bump-less transfer element (the controllers c j (s) seem like plants to the bump-less transfer elements). Integral wind-up will also be eliminated because the purpose of the inactive systems is to follow the error between their output and the output of the active controller. Note that the active controller will not be adversely affected through the bump-less transfer because the bump-less transfer summation node subtracts the same signal from itself, thus providing an input disturbance of zero to the active controller.
No extra dynamics have been added to the bump-less transfer system to make the design uncomplicated. The loop has already increased in speed due to the c j (s) controllers. Because of the large response times of the system together with the actuator constraint, the inactive loops will adequately follow the active loop. Some dynamics can be added (see Middleton et al. 14) ). Switches should not be placed in the WCC feedback path, because this will result in an actuator bump as soon as a switch takes place.
The SMSMSEs for the different width slabs can be found in Table 7 .
The table shows that there are improvements of 13.4 %, 31.3 % and Ϫ5.7% for 1 060, 1 280 and 1 575 mm wide slabs over the case of no control respectively, using the WCC. The negative value for 1 575 mm wide slabs indicates a deterioration in the performance of the system. Table 8 shows the MSEs for each output when the worstcase control is used.
These figures show that the MSE ranges from very good values (e.g. 1.796 for ou5u) to very bad values (e.g. 68.57 for ou1u). This can probably be attributed to the fact that some outputs are above their reference values and some are below. This causes the control to decrease or increase depending on which loop is active, one above or one below the reference, with a net-effect of doing nothing to improve the overall response of the system.
Time-domain Results
The following figures pertain to the 1 060 mm wide slabs. Figure 17 shows the control signal and Fig. 18 shows the output of the switching criterion (i.e. which loop is active).
These figures show that the casting speed remains below 1 500 mm/min. The acceleration constraint is violated only twice, both at approximately tϭ7 000 s. The switching criterion shows that there is mainly switching between loops 25 and 32, generating something similar to a limit cycle. These loops are switching between each other because as one becomes active and tries to drive its negative output error to zero by increasing casting speed, the other loop's temperature also increases until it becomes the active controller. The new controller then decreases the casting speed to try to drive its positive error to zero, causing the previous output temperature to decrease and the cycle continues indefinitely or until there is a change in the disturbances.
Conclusion
System identification was used to model the effect of mould parameters on thermocouple temperatures, with good model following.
Three control strategies for the resulting models were presented. They are the linear quadratic at steady-state controller, the single output controller and the worst-case controller.
Results in terms of the SMSMSE for each of the controllers with specific slab widths is presented in Table 9 .
The table shows that the overall best controller is the LQTSS, with improvements of 29.5 %, 40.0 % and 0.7 % over the uncontrolled case for 1 060, 1 280 and 1 575 mm wide slabs respectively. The closest rival is the SOC controller with improvements of 22.5 %, 38.9 % and Ϫ2.2 % for 1 060, 1 280 and 1 575 mm wide slabs respectively. This means that the LQTSS controller is 7 %, 1.1 % and 2.9 % better than the SOC controller for the respective widths. The worst controller is the WCC with improvements of 13.4%, 31.3% and Ϫ5.7 % for the respective widths.
A reduction in the variation of the mould temperature can mean a reduction in the defects caused by mould temperature variation. Therefore, proper control of the mould temperature will be beneficial to a steel-making company.
At this stage, the amount of control that the casting speed can exercise on the mould temperature is limited, and ultimately, only improvements in mould design can result in further improvements in mould temperature control. A further issue that can be addressed in model improvement is the development of sensors to accurately measure disturbances such as the effect of mould powder on the lubrication of the mould wall/strand interface. 
